ABSTRACT Reciprocal double mating experiments were done between the northern banded (disruptively colored) form [Limenitis arthemis arthemis (Drury)] and the southern unbanded mimetic form [L. arthemis astyanax (F.)] of the banded purple butterßy. The results showed that following a second mating (and the successful transfer of a second spermatophore into the bursa copulatrix of each female), the Þrst male continued to sire the subsequent progeny in Þve of 17 (29%) cases. The sequential double matings of these 17 different females with 34 different males resulted in full, partial, and unbanded wing phenotypes which were used as paternal genetic markers in this intergrading complex of butterßies. The containment of the spermatozoa within separate spermatophores at the time of mating normally resulted in only one effective sire. Among three broods (all one of four cross types) some sperm mixing may have occurred following the second matings, as evidenced by the occurrence of a few unbanded insects among progeny which otherwise were partially banded. The evolutionary implications of these Þndings are considered as they relate to insect mate-seeking strategies and individual Þtnesses.
FEMALES OF MANY kinds of organisms, including certain insects, are capable of storing sperm for prolonged periods between mating and reproduction. To evaluate the role of multiple matings in insect populations, one must determine which of the matings functions in fertilization. We provide evidence relating to "sperm precedence" in butterßies, through the use of different wing-color patterns as discrete genetic markers, enabling the progeny of successive males to be positively identiÞed in nearly all instances. Contrary to current theory (Walker 1980 , Drummond 1984 , Eberhard 1985 , Ridley 1989a ), we shall demonstrate that in a high proportion of cases, the deposition of a second (apparently normal and functional) spermatophore does not necessarily result in displacement of the sperm cells previously introduced by the Þrst male.
During mating, male ditrysian Lepidoptera form and deposit their seminal ejaculates in tough membranous spermatophores. Among butterßies and moths spermatophores form within the blind sac-like bursa copulatrix of the female reproductive tract. Sperm within the ampulla of the basal portion of the spermatophore exit from the narrow tube-like tip of the spermatophore into the ductus bursa, and then move across the ductus seminalis into the elongate sac-like receptaculum seminis, or spermatheca, where they are stored within the femaleÕs abdomen until egg-laying and subsequent fertilization occur (Clarke and Sheppard 1962 , Wigglesworth 1965 , Chapman 1969 . Each successful mating results in only a single spermatophore being introduced into the female, so that spermatophore counts provide an accurate means of determining the reproductive histories and number of mates each female has had (Burns 1966 (Burns , 1968 Parker 1970 Parker , 1978 Braby 1996) .
The literature on multiple mating in insects is based on Coleoptera, Diptera, Hemiptera, Hymenoptera, Neuroptera, Orthoptera, and Trichoptera, as well as Lepidoptera (Thornhill and Alcock 1983, Smith 1984) . Cases of such multiple matings result in inter-male competition for the fertilization of eggs laid following subsequent matings (Knowlton 1979 , Rutowski 1984 , 1998 . One of the following three possibilities usually results: (1) displacement (or second male sperm precedence), favoring the last male to mate with the female, and (2) nondisplacement (or Þrst male precedence), which likely results in strong selection for males to seek out virgin females, and (3) mixing of the sperm cells from both males within the femaleÕs spermatheca. Such mixing is known to occur among certain Lepidoptera, as well as in other insects (Ridley 1989b) , but among butterßies, at least, it is considered rare. The selective implications of these three outcomes, both in terms of individual Þtness and the mating strategies of individuals of both sexes will be considered later in this article.
In Lepidoptera, few clear-cut results have been obtained regarding sperm precedence (Labine 1966 , Wiklund 1977 , La Munyon and Eisner 1993 , primarily because a good genetic system enabling progeny of separate matings of the same female to be clearly distinguished morphologically is lacking. Previous studies have relied on fertile versus sterile males (Flint and Kressin 1968 , Retnakaran 1974 , Pair et al. 1977 , radio-labeled sperm cells (Boggs 1981 (Boggs , 1990 , and electrophoretic protein mobility differences to identify paternity during sequential matings of the same female. Often such studies have not balanced either the directions or the types of crosses being made. The second male sperm precedence theory, therefore, remains accepted, but somewhat equivocal when applied to this insect order.
Materials and Methods
Intergrading Limenitis arthemis-astyanax Complex. The banded purple, or white admiral, Limenitis (Basilarchia) arthemis arthemis (Drury), and the redspotted purple, L. arthemis astyanax (F.), represent allopatric forms of a single polytypic species (Fig. 1) . The former possesses a broad disruptive white band across all four of its wings, whereas, the latter is an all black and iridescent blue Batesian mimic of the unpalatable model butterßy, the pipevine, or blue swallowtail, Battus philenor (L.) (Platt et al. 1970; Platt et al. 1971; Platt 1983 Platt , 1987 . These two forms of admiral butterßies freely interbreed in the wild within a narrow north-south zone of intergradation in the northeastern United States, producing panmictic blending populations of variable partially banded intergrading forms, L. arthemis proserpina (Edwards), along with individuals of their own respective phenotypes (Hovanitz 1949 , Mayr 1970 , Robinson 1971 , Ford 1975 . Henceforth, in this article, these forms collectively will be referred to as the L. arthemis-astyanax complex. Spermatophore studies have not been reported previously on these insects. A single autosomal gene with banded and unbanded alleles controls the white band character in the L. arthemis-astyanax butterßies. This gene exhibits incomplete dominance, with several unlinked autosomal modiÞers affecting the phenotypic penetrance of the white banding, especially in its partially banded heterozygous state. The major locus controlling banding disrupts melanin formation in the primordial scaleforming stem cells of the postmedial wing regions. Those wing scales not producing melanin are transparent and so refract white light, because of their prismatic ridges (Platt 1975) . The butterßies representing the L. arthemis-astyanax complex originally were divided into six phenotypic categories by Platt and Brower (1968) , but only the three major forms are depicted here.
Stocks of the banded purple (arthemis) and the red-spotted purple (astyanax) homozygous for either the presence or absence of white wing banding were obtained from northern Vermont (Addison County, Starksboro) and central Maryland (Anne Arundel County, Smithsonian Institution Chesapeake Bay Center for Environmental Studies) respectively, during June and early July of 1977 (Allen 1977, Allen and Platt 1977 Recently emerged virgin females of arthemis and astyanax were mated assortatively by hand-pairing the butterßies, Þrst to one type of male and later to a second male having the opposite phenotype from that of the Þrst (Table 1 ). The mating sequences were balanced, in terms of the banding phenotypes and the order in which the sexes were used. Females were between 1 and 10 d old when Þrst mated. At least 20 eggs were obtained from each female, before re-mating her to the second male. The times between matings varied from 5 to 9 d, and depended on the oviposition rate of each particular female.
All of the F 1 progeny were scored phenotypically into Þve categories for white band expression: full, wide white banding, (or category 1), partial categories 3, 4, and 5, or unbanded, category 6 (white band category 2, which has the full band much narrower than normal on the dorsal and ventral hind wings, did not show up in our crosses). The partially banded phenotypes segregated into relative categories 3 (having the partial banding clearly visible both on the dorsal and ventral surfaces of all four wings), 4 (with the partial banding visible only ventrally), and 5 (having mere traces [several small spots] of the partial white band present on the postmedial ventral surfaces of the fore wings only). Each of the three major cross types produced most offspring as exclusive phenotypic classes, not produced by the other cross types.
After death each female was dissected using a stereo-microscope, and the number of spermatophores she contained, and their relative positions within her bursa were determined. These observations were correlated with the phenotypes of the progeny produced by each female, both before and following her second mating. F 1 progeny reared after the Þrst matings will be referred to as "primary progeny," and those obtained following the second matings as "secondary progeny." The paternity of all primary progeny is known with certainty, whereas, the P 1 male of the secondary progeny must be inferred from their relative white wing band phenotypes.
Results
The progeny phenotypes are so clearly different for the three major cross types that we could easily determine by visual inspection whether or not a particular brood exhibited second male sperm precedence. If the phenotypes among a femaleÕs progeny clearly differed from those obtained following her Þrst mating, then second male sperm precedence was known to have occurred. If, however, the phenotypes of the progeny remained unchanged following her second mating, then all progeny were assumed to have been produced from the Þrst maleÕs sperm. Additionally, in three broods the possibility of sperm mixing arose among progeny produced following the second matings, but this possibly is due only to the few phenotypic overlaps among the cross types discussed above, and it involves only one of the four cross types.
Primary Matings of Virgin Females. Table 2 contains the results of 32 fertile crosses made initially between the Vermont arthemis and the Maryland astyanax strains. A total of 562 primary progeny were reared during the study. These crosses show that like parents produce progeny phenotypically similar to themselves (cross types I and III), whereas the interstrain crosses (cross types II and IV) yielded partially banded intermediates. Only those progeny exhibiting the "trace" banding phenotype are equivocal, along with a very few "unbanded" heterozygotes, in that such phenotypes can result from any of the cross types II, III, or IV. However, such "equivocal" individuals always represent a rare minority of the F 1 insects. For virtually all of the crosses, the white-band phenotypes of the progeny provide a clear-cut indication of which of the two male mates is the sire of the majority of subsequent progeny. The mean number of progeny per female reared from these primary matings ranged from 24.3 for cross type I, to 14.1 for cross type III. Cross types II and IV had means of 18.8 and 16.4 progeny, respectively. None of these values exhibit statistical signiÞcance, because the primary brood sizes are so variable, ranging from 1 to 59 individuals. The phenotypic ratios of intergrade categories 3, 4, and 5 shown for cross types II and IV in Table 2 do not differ signiÞcantly from each other [2 ϫ 3 contingency test, with the ⌺ 2 ϭ 1.59, df ϭ 3, and P ϭ 0.54] (Rohlf and Sokal 1995) .
Progeny of Both the First and Second Matings. Offspring were obtained following both matings from 17 (27%) of 63 female butterßies that had been mated twice (Table 3 ). The primary progeny of these 17 females also are included among those broods shown in Table 2 . Subsequent dissection revealed that in nearly all copulations spermatophores had been properly passed into the female bursae during mating. Often, however, following either the Þrst, or the second mating, few or no eggs were laid by the females. Among limenitines, oviposition behavior is highly specialized, and eggs are laid singly on food plant leaf tips. These must be separately located by the females using chemosensory cues for each oviposition event (Platt 1979) . Low oviposition success partly was due to female aging (some were too old by the time the second mating occurred). Also, the low laboratory humidity and cooler temperatures during the winter months tended to inhibit female ßight activities, and to prolong their oviposition periods. Thus, many females died before completing oviposition, after having been successfully hand-paired twice. Among the 63 females studied, 21 (33.3%) failed to oviposit at all. Another 15 (23.8%) produced viable progeny only after the Þrst mating, and four others (6.4%) produced only secondary progeny. The remaining six (9.5%) were found to contain just a single spermatophore when dissected. Thus, among 126 separate hand-pairings (two per female), 120, or 95.2%, resulted in the successful transfer of one spermatophore.
Each of the four cross types listed in Table 3 is included among those broods exhibiting precedence (group A), as well as among those not showing precedence (group B). These data show that when precedence occurs it is clear-cut, and that it begins as soon as oviposition resumes after the second mating has taken place. Only two instances of exceptional single offspring occurred during our experiments. Both are noted in Table 3 . The Þrst exception seems to have resulted from a single egg being fertilized by a sperm from the Þrst male, before the second insemination, with the fertilized egg being laid soon afterwards (see cross type I., arthemis phenotype). The second exception arose in a different brood (see cross type I., a One of these broods produced larvae which did not survive to adults. b These two individuals represent single exceptions per brood; they likely represent single eggs fertilized either prior to the second mating (arthemis) or, at the time of the second mating (the intergrade), and subsequently laid as the Þrst egg of the second brood.
c These insects provide examples of situations where trace-banded proserpina and unbanded astyanax intergrade with one another to such an extent that all heterozygotes cannot be positively distinguished phenotypically from astyanax, and vice-versa.
intergrade phenotype), and may represent the fertilization of a single egg, which took place at the time of the second mating, when an otherwise nonfunctional spermatophore entered the femaleÕs bursa (Clarke and Sheppard 1962) . However, such exceptional progeny are far more difÞcult to recognize among cross types IIÐIV.
By inspection, the 12 broods in group A, Table 3 , can be seen to exhibit sperm precedence. These are cases in which the phenotypes of the progeny show a marked change following the second mating, including the occurrence of most progeny unique to a particular cross type. Comparisons of the Þrst and second mating ratios with those shown in Table 2 clearly indicate which type of cross produced which of the offspring. Also, direct comparisons between the primary and secondary cross ratios within each brood suggest either that they are quite different (group A), or that they have not changed at all (group B).
Among the 17 females containing two spermatophores, which produced viable progeny following both matings were seven arthemis and ten astyanax ( Table 3 ). The mean brood size for the arthemis females was 51.1 Ϯ 11.9 progeny, with brood sizes ranging between 5 and 103 individuals. The astyanax females produced 51.6 Ϯ 16.8 progeny, with their brood sizes ranging between 7 and 176 individuals.
White Wing Band Phenotypes Among the Progeny, and Their Relevance to Natural Blending Populations. Table 4 contains a summary of the F 1 progeny of the 29 effective matings (Those broods showing precedence) and the Þve ineffective matings (those not showing precedence) among the 17 females which produced viable progeny following both matings, and which contained two spermatophores when dissected. Also shown in this table are the white banding phenotypes of progeny obtained from each of the four cross types. The relative expression of wing banding clearly indicates the paternity of the cross type, and whether or not sperm precedence has occurred. Among the Þve broods not showing sperm precedence, the secondary progeny have been included in this table as being produced from the Þrst matings.
Because the matings shown in Table 4 have been purposefully made assortatively, they are nonrandom.
Hence, the overall phenotypic ratios of homozygous unbanded (astyanax), heterozygous partially banded (proserpina), and homozygous banded (arthemis) progeny differ signiÞcantly from calculated "expected" ratios, based upon the frequencies of the unbanded and banded alleles among the offspring, as predicted by the Hardy-Weinberg Law, which presumes panmixia. For the white wing banding data summarized in Table 4 , the unbanded allele (p) equals 0.48, and the banded allele (q) is 0.52, based on the total number of progeny (n ϭ 872) in each of the three phenotypic categories, as shown in the table. The Hardy-Weinberg expected values (based on the assumption that mating is random), are unbanded ϭ 202, partially banded ϭ 436, and banded ϭ 234. Clearly, these values do not approximate the observed values shown in the table; rather, there are signiÞcant deÞ-ciencies among both homozygous classes (the unbanded and banded phenotypes), and an excess of partly banded heterozygotes among the progeny (⌺ 2 ϭ 43.2, df ϭ 1, with P Ͻ 0.01). Sex Ratios Among the F 1 Progeny. Table 5 includes the sex ratios among the progeny of these 17 broods. No signiÞcant disturbances of the sex ratios occur in cross types I), II), and IV). However, in cross type III) (Md. astyanax x Md. astyanax) a signiÞcant deÞciency of females was found. This deÞciency also carries over to the overall sex ratio. Nevertheless, when combined, cross types I), II), and IV) produced 375 males and 340 females among 715 total progeny. These crosses exhibit no statistical deÞciency of females (⌺ 2 ϭ 1.71, df ϭ 1, with P ϭ 0.27). They exhibit either equal numbers of males and females (type II), or else slight (nonsigniÞcant) excesses of males (cross types I and IV).
Female Age at Mating, Numbers of Eggs Laid, and Mating Times. In Fig. 2 we compare (respectively) the ages at mating in days ( Fig. 2A) , the number of eggs laid by each female (Fig. 2B) , and the durations of the matings in minutes (Fig. 2C) . The lines associated with the bars indicate the standard errors. None of these factors appears to have affected the results differentially, except that the Þve females not showing sperm precedence laid signiÞcantly more eggs than those females exhibiting sperm precedence, following their second matings. Again, this signiÞcant result stems from a single brood not showing precedence being much larger than all of the other ones. The other four secondary broods not showing precedence are comparable in size to those which do exhibit sperm precedence, following the second matings. Again, this signiÞcant result stems from a single brood not showing precedence.
Placement of Spermatophores within the bursae. Dissection of the bursa of each female and the relative positioning of the spermatophores within it suggest that strictly mechanical forces acting during spermatophore formation may play important roles in determining precedence and subsequent sperm utilization. Newly formed spermatophores do not always block, or stack up in front of those previously deposited. In some cases the spermatophore tips appear to be blocked, crimped, or kinked (Fig. 3) , as if the proper exiting of otherwise viable sperm was being prevented. In some cases the spermatophore tips were placed exactly side by side within the necks of the bursae, but in others the second spermatophore tip dominated the bursa neck, as shown in Fig. 3 . Similar kinks and crimpings occurred in the necks of both the most proximal and the most distal spermatophores (as placed relative to the neck of the bursa), indicating the such formations are equally likely to occur during either the Þrst or the second matings. Such evidence may explain why four females began producing fertile eggs only after their second pairings. Neither the direction of the cross, nor the type of cross played any role either in spermatophore function or sperm utilization by these L. arthemis-astyanax females.
Spermatophore placement within the bursa in both singly and double-mated females appears to be identical to that observed among wild-collected females of all Limenitis spp., which have bred in Nature before capture. These latter insects contain between one and three spermatophores, the number being correlated with the femaleÕs age, but with by far the majority of females containing just a single spermatophore.
Discussion
The Hand-Pairing Technique. We do not believe that the hand-pairing technique inßuences the mating process in any way, other than by eliminating the complex precopulatory behavioral interactions normally taking place between male and female during butterßy courtship. Once induced, clasping, insertion of the aedeagus, and the matings all were accomplished actively by the butterßies themselves. These aspects of butterßy behavior appeared to be perfectly normal, and very similar to those exhibited by natural mating pairs observed in the wild and in the laboratory (A.P.P., unpublished data). Female admirals represent the ßying member of the nymphaline pair while in copula, but they are rather passive regarding the mat- ing process, in which the males actively ßex their claspers (Scott 1978) , and exhibit rhythmic abdominal pulsations (Platt 1978) . The mating process itself and the duration of mating among the experimental insects was similar to that observed among conÞned and caged butterßies breeding on their own. Four females representing cross types I, III, and two broods of IV contained two spermatophores when dissected, but produced viable eggs only after the second mating, all of their earlier eggs having been infertile. Among six other cases involving cross types I, II, and four broods of III, only one spermatophore was found when the females were dissected. Five of these were attributable to Þrst matings, whereas, only one mating could be attributed to a second handpairing, based on the progeny phenotypes. These latter broods suggest that fresh unbred males have more difÞculty introducing a second spermatophore into the bursae of older females that have already bred.
We assume that the signiÞcant sex ratio deviation among the astyanax butterßies (Table 5 ) may have resulted in part from inbreeding. This deviation was caused by a single primary brood of 28 progeny (among seven crosses), although most of them do show slight excesses of male offspring. This strain was begun using only four wild-collected females, and the breeding experiments were undertaken subsequent to the F 2 generation. This lack of females also may be related to our having switched the larval food plants of the astyanax butterßies from black cherry (Prunus serotina Ehrhart: Rosaceae) to weeping willow (Salix babylonica L.: Salicaceae), to rear them over the winter in the laboratory. However, subsequent continued rearing of Maryland L. a. astyanax on weeping willow arthemis containing two spermatophores, after having been mated Þrst to an unbanded astyanax male, followed by a male arthemis. The tip of the second spermatophore clearly dominates the neck of the bursa, but it is folded over on itself, thus preventing sperm exit (and passage through the seminal duct and into the seminal receptacle). (B) The bursa of the same specimen has been teased open, and the two spermatophores separated further. This particular female belongs to group B in Table 3 . She did not exhibit sperm precedence. All 26 of her progeny from the Þrst mating were partially banded heterozygotes, as were the 41 resulting from eggs laid following her second mating, only one of which was phenotypically unbanded.
indicates that it serves as a good food plant for this butterßy.
Selective Advantages and Disadvantages of Multiple Matings. Parker 1970 argued that multiple mating by females which already possess an adequate sperm supply is selectively disadvantageous to them, because further matings disrupt their egg-laying and feeding activities. Additional matings also result in increased exposure to predators. Lederhouse 1981 reported that black swallowtail females, Papilio polyxenes asterias (Stoll), will mate more than once, either to replace a nearly depleted sperm supply, or to replace a deÞcient spermatophore. He further noted that as a result of the short lifespan of most black swallowtails, females in most populations mate only once. Cook and Wedell (1999) 1965 and 1975 , only 17% contained multiple spermatophores (either two or three), whereas, 79% had been mated only once, with 4% being unmated when collected (A.P.P., unpublished data). These butterßies apparently breed at random in Nature, with the three forms remaining in HardyWeinberg equilibrium, and exhibiting panmixia with regard to their white wing banding frequencies.
The calculations shown in Table 4 provide indirect evidence that among the natural blending populations of L. arthemis-astyanax butterßies found throughout the northeastern U.S. zone of intergradation, the close approximations of the observed and theoretical Hardy-Weinberg expected values found in many populations, do, in fact, provide a reliable measure of both (1) the extreme degree of interbreeding occurring within those wild populations, and (2) the fact that no "net" selection is taking place within such populations, in relation to the white wing-band character. Platt et al. (1984) also have shown that multiple inseminations among dimorphic females of Papilio glaucus (L.) from Maryland occur at random, with the actual number of females containing one, two, or three spermatophores not differing signiÞcantly from the appropriate theoretical Poisson series distributions. It is likely that long-lived females will beneÞt from multiple matings in this species in terms of increased fecundity, although very often a single mating will serve to fertilize most of the eggs produced by shortlived females (Levine 1973) . Finally, females of certain long-lived species, such as heliconines and danaines, can absorb spermatophores and derive both nutrients and nitrogenous compounds from them (Taylor 1967; Boggs and Gilbert 1979; Marshall 1982; Oberhauser 1988 Oberhauser , 1989 . This provides another possible female advantage for multiple-mating behavior.
Selective Balance between Single and Multiple Inseminations. The balance which exists between single and multiple inseminations in many lepidopteran populations suggests that the majority of females are more difÞcult to court successfully and mate after they have been bred for the Þrst time. Parker 1970 pointed out that this balance arises when the maleÕs effort required to remate females which have been previously bred, reduces either (1) the probability of that male inseminating instead a virgin female, or (2) when such matings reduce that maleÕs contribution to the next generation (in terms of total progeny). Adding to this reduction in male Þtness is our Þnding that sperm displacement does not occur in every case of multiple inseminations. These Þndings suggest that it is advantageous for males to concentrate on Þnding and courting freshly eclosed unmated females, rather than ones that have been previously bred, so long as such females are available in the population.
Virgin females apparently are sought by males and probably are more receptive to courtship and successful mating than are ones which have mated previously. Among admiral butterßies (and many other lepidopteran species as well) emerging females often are mated for the Þrst time soon after eclosion, and even before their wings have fully dried to permit ßight. Because a single spermatophore almost always nearly Þlls the femaleÕs bursa to capacity, the proper formation and placement of a second functional spermatophore becomes mechanically more difÞcult, although it can be accomplished successfully in some cases. When freshly formed, however, such second spermatophores are soft. Thus, they can become more easily mis-shapen, as they conform to the contours of their previously hardened predecessors. Such physical and biomechanical interactions may explain why 29% of the second matings were unsuccessful in our admiral butterßy study.
